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Résumé :  
Les investigations ici rapportées s’intéressent aux causes et mécanismes pouvant expliquer les variations de 
modules élastiques relevées pour des nanoparticules semi-conductrices. Nous proposons, sur un échantillon 
ciblé de matériaux semi-conducteurs, de structure cristallographique cubique type diamant (ou blende), des 
investigations approfondies au moyen d’une campagne de simulation ab initio, nous permettant un regard 
assez complet quant à différents facteurs envisagés : effet de surface, de taille, d’anisotropie.  
Abstract : 
Investigations here presented deal with causes and mechanisms that may explain the variations observed on 
elastic moduli of semi-conducting nanoparticles. Deep investigations are carried out on few semi-conducting 
materials, with a cubic diamond-type crystallographic structure. Ab initio simulations here performed allow 
to investigate different parameters like surface, size or anisotropy effect. 
Mots clefs : élasticité, nanoparticules, effet de taille 
1 Introduction et enjeux 
La bibliographie actuellement disponible sur l’élasticité des nanoparticules est dispersée et contradictoire. 
Les résultats publiés, ne semblent pas cohérents en terme de tendance. Ainsi, les modules sont reportés 
comme indépendant de la taille [1], augmentant quand la taille décroît [2-4], ou encore diminuant avec la 
taille [5] ; et ceci y compris sur un même matériau et une même taille de particule.  Les différentes tentatives 
de modélisation [6-7] ont partiellement réduit les incertitudes, sans pour autant lever l’ensemble des 
contradictions [8-9]. Les travaux les plus récents [10-11] confrontent des matériaux similaires dont la surface 
aurait une structure différente. Bien que limités à deux cas de matériaux, ces résultats tendraient à indiquer 
que les effets de taille sur les modules des nanoparticules pourraient dépendre très fortement de la structure 
de la surface de la nanoparticule. 
2 Description de la nanoparticule 
Les nanocristaux sont construits à partir d’un atome central. Les autres atomes sont ensuite ajoutés en 
respectant la coordination et la symétrie du matériau massif (cf Fig.). La condition de troncation utilisée pour 
terminer la nanoparticule consiste à considérer tous les atomes dont le centre se situe à l’intérieur d’une 
sphère de rayon donné. La troncation engendre des liaisons pendantes au niveau des atomes de surface du 
nanocristal. Dans un contexte expérimental, ces liaisons pendantes n’existent pas car les nanocristaux sont 
passivés par des molécules organiques. L’approche numérique équivalente consiste à utiliser des hydrogènes 
ou pseudo-hydrogènes pour saturer les liaisons pendantes du nanocristal.  
3 Méthode de calcul  
Les propriétés structurelles (et la structure électronique) sont calculées en utilisant une implémentation de la 
théorie de la fonctionnelle de la densité (DFT) (code VASP - Vienna Ab initio Simulation Package [13-14]), 
dans laquelle le développement des fonctions d’ondes est réalisé sur une base d’ondes planes. les interactions 
entre ions et électrons sont décrites par la méthode "Projector Augmented-Wave" (PAW), et le potentiel 
d’échange-corrélation est traité avec l’approximation locale de la densité (LDA). Le nanocristal est au centre 
d’une cellule unitaire périodique, et entouré d’au moins 10Ang de vide. Une optimisation complète de 
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la structure interne est réalisée en prenant pour critère l’énergie minimale de la structure. La structure ainsi 
obtenue est la structure à l’équilibre, pour laquelle le module de compressibilité est calculé. Pour ce faire, des 
compressions et expansions de la structure sont effectuées à partir de la géométrie d’équilibre. Les atomes de 
surface de la structure sont maintenus fixes tandis que les positions internes sont optimisées jusqu’à 
minimisation de l’énergie totale du système. Les énergies totales pour différents volumes du nanocristal sont 
calées sur les équations d’état de Murnaghan [15], permettant ainsi de déterminer le module de 
compressibilité. La définition du volume ici retenue est celle du convexe de Hull [16] formé par les atomes 
les plus proches de la surface de la structure. 
4 Résultats 
Une première étude sur des nanoparticules semi-conductrices [12] avait montré une augmentation du module 
de compressibilité lorsque la taille de la nanoparticule diminue. L'origine de cet accroissement du module de 
compressibilité a été discutée et la question de la représentation de la surface évoquée, mais celle-ci n’a 
toutefois pas pu être testée à ce moment-là. Les investigations actuelles se focalisent donc tout 
particulièrement sur la représentation théorique de la surface, et l’indépendance de l’analyse en regard de la 
question des conditions aux limites appliquées. Cette campagne de simulation ab initio performante permet 
un regard assez complet sur les différents facteurs envisagés : effet de surface, de taille, d’anisotropie.  
 
 
 
 
 
 
 
 
 
FIG. – A gauche : plus petite structure étudiée, structure cristallographique cubique de type blende. La 
surface est passivée par des pseudo-hydrogènes, représentés par les petites sphères bleues ou blanches. A 
droite : Module de compressibilité (cercles pleins) en fonction du volume V des nanocristaux de Si, Ge, 
GaAs, CdSe, calculé par simulation ab initio DFT, utilisant l’approximation LDA. Le module de 
compressibilité varie alors comme exp (k/V), où k est un paramètre matériau [12]. 
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while CdSe and GaAs could occur in the zinc-blende or the
wurtzite structure. To keep the resul s ind pend nt of this
structural aspect, we have considered only the zinc-blende
polymorph in the case of GaAs and CdSe. Nanocrystals were
constructed by taking a central tom, which could be a cation
or an anion. Atoms were added keeping bulklike coordina-
tion and symmetry !see Fig. 1". The truncation condition
used to terminate the cluster was to consider all atoms within
a sphere of a desired radius. Further details may be found in
Refs. 11 and 12. The surface atoms of the nanocrystal would
have dangling bonds as a result of truncation. In order to
make the comparison meaningful with experiment where
passivants, usually organic molecules, are used to saturate
the dangling bonds, we use hydrogen or pseudohydrogen13
for this purpose as has been used earlier.
The electronic and structural properties were calculated
using a plane-wave pseudopotential implementation of
density-functional theory !DFT" within VASP.14 Projected
augmented wave15 potentials were used. The nanocrystal was
simulated as a periodic unit cell with a vacuum between
neighboring clusters at least 10 Å thick.16 For the plane-
wave basis considered in these calculations, an energy cutoff
of 312 eV was used in the case of Si, Ge, and GaAs. For bulk
CdSe we used a cut-off energy of 500 eV which turned out to
be computationally demanding. Consequently we used a cut-
off energy of 342.8 eV for the nanocrystals. Increasing the
cut-off energy by 200 eV or more did not change the total
energies by more than 0.1 meV. The calculations for the
electronic structure of the bulk crystals were carried out us-
ing a dense k-points grid of 8!8!8 in the Monkhorst-Pack
scheme17 of division. The computations were performed for
only " point for the nanocrystals. In the case of GaAs, the
semicore 3d states in the Ga atom were treated as part of the
core, following the conclusion obtained in a previous work.12
On the other hand, the eed to include t e d states on Ge as
a part of the basis were checked here. As the change in total
energy is about 0.7 meV, the discrepancy in the lattice con-
stant is equal to 0.37%, and in the bulk modulus is equal to
1.23%, we decided to treat the Ge d states as a part of the
core in the calculations reported in this manuscript. Com-
plete optimization of the internal coordinates was carried out
to minimize the energy of the structure. This was determined
to be the equilibrium structure at that size for which the bulk
modulus was computed. The volume of the nanocrystal is
needed for computing the bulk modulus. However, the vol-
ume of the nanocrystal has ambiguities associated with it and
there could be several definitions. We choose the volume as
being given by that of the convex hull18 formed by the out-
ermost atoms making the structure. In order to compute the
bulk modulus, we make expansions and contractions about
the equilibrium geometry. Total energies of the expanded/
contracted structure are computed for the structures in which
the outermost atoms are kept fixed while those in the interior
are optimized to minimize the total energy. The total energies
at different volumes were fit to the Murnaghan equation of
state.19 The bulk modulus was computed according to the
equation
B = V
!2E
!V2
, !1"
where E!v" is the total ground-state energy as a function of
volume V. It should be noted that an error of c% in the
volume, translates int an error of ! c1−c "
!100% in the bulk
modulus.
It is well known that the generalized gradient approxima-
tion !GGA-DFT" exchange-correlation functional tends to
TABLE I. Elastic constants for Si87H76 evaluated by DFT and
QMC. The constants are obtained by Vinet equation of state.
Method
B0
!GPa"
V0
!Å3" B0!
E0
!Ha"
LDA 105.91 1751.52 3.381
VMC 125.1!4" 1785.2!2" 2.097 −212.742
DMC 113!9" 1768!4" 2.176 −252.514
FIG. 1. !Color online" The structure of a typical nanocrystal
considered by us with cations and anions !large spheres" shown in
different colors. The surface layer is terminated by hydrogen de-
noted by small spheres.
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FIG. 2. !Color online" Energy-volume curves by DMC and
variational Monte Carlo !VMC" for Si87H76. The energies are
shifted for VMC by −383.339 hartree and DMC by
−386.424 hartree, respectively, to have the same energy origin at
equilibrium volume. Error bars for VMC are behind the symbol.
Data are fitted by Vinet equation of state.
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of surface coordination. We therefore calculate an averaged
bond length as defined earlier.42 We use this value in the
scaling relation given by Cohen,41 where the bulk modulus is
given by B=A /d3.5. The material-dependent constant A is
determined by taking the bulk modulus value as well as
nearest-neighbor bond length obtained from the DFT calcu-
lations at the bulk limit. Using this value with the average
bond length that we find in our calculations, for two proto-
typical examples Si and Ge !Table IV", we find an enhance-
ment of just a few percent. Apart from the bond-strain effect
discussed above, there is the additional enhancement of he
band gap in the size regime that we are examining the nano-
crystals. However, we find that although there are significant
enhancements in the band gap for the largest sizes consid-
red here, we already enter the size regime where bulk
modulus enhancements are modest. Hence the two have dif-
ferent origins. Hence the bond-strain mechanism or the quan-
tum confinement effects that enhance the band gap from the
bulk value cannot explain the observed enhancements in the
bulk moduli of the nanocrystals. This suggests that there is
some other effect, beyond the bond-strain effect required to
explain the bulk moduli of the nanocrystals that we find in
our calculations. There are some clues of this when we look
at the partial density of states associated with the hydrogen/
pseudohydrogen atoms that we use to simulate the passivat-
ing layer. In Fig. 3 we have plotted the Cd s and d projected
partial density of states due to the surface Cd atoms. The H s
c ntribution is also provided. A passivant should merely
serve the purpose of being a site to which electrons are trans-
ferred to or from which electrons are transferred out. Here,
we find that it interacts very strongly with the atoms of the
semiconductor !Fig. 3". Thus it is this strong interaction we
believe that is responsible for the enhanced moduli that we
find in our calculation. Further work will be carried out on
well-controlled passivants.
TABLE V. Results of the fit performed on ab initio computa-
tions of the Si, Ge, GaAs, and CdSe bulk modulus for different
nanocluster sizes using LDA as the exchange-correlation functional.
Bulk limit bulk modulus !B!
fit" and k are obtained after the fitting.
B! is the bulk modulus for the bulk material, computed by DFT
calculations. The last column presents the deviation between B!
fit
and B!.
Nanocluster
B!
fit
!GPa"
k
!Å3"
B!
!GPa" #B!
fit
−B!# /B!
Si 99.0 112.95 97.0 0.0206
Ge 80.2 162.18 72.3 0.1093
GaAs 80.2 129.94 75.1 0.0679
CdSe 53.5 148.77 57.5 0.0696
Energy (eV)
-10 -8 -6 -4 -2 0 2 4 6
0
0.5
1
1.5
2
Cd-s
Cd-d
-10 -8 -6 -4 -2 0 2 4 6
0
0.1
0.2
0.3
0.4
0.5
a) surface Cd
b) H s
D
en
si
ty
of
st
at
es
[s
ta
te
s/
(e
V
ce
ll)
]
FIG. 3. !Color online" !a" The Cd s !solid line" and d !dashed
line" projected partial density of states for a surface Cd atom and !b"
the H s !solid line" projected partial density of states for the
pseudohydrogen attache to the surface Cd atom in the case of the
largest size CdSe nanocrystal considered in our study. The Fermi
energy is set to zero.
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FIG. 4. !Color online" The calculated bulk modulus !solid
circles" from ab initio calculations as function of anocr stal sizes
for Si, Ge, GaAs, and CdSe using LDA as the exchange-correlation
functional. The dashed line through the data points denotes the best
fit for the pheno enological rule where the bulk modulus varies as
exp!k /V".
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FIG. 5. !Color online" The calculated bulk modulus !solid
circles" from ab initio calculations as function of nanocrystal sizes
for GaAs and CdSe using GGA as the exchange-correlation func-
tional. The dashed line through the data points denotes the best fit
for the phenomenological rule where the bulk modulus varies as
exp!k /V".
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